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Abst rac t  

I n  t h i s  t a l k  t h e  commonly used measures of phase no i se  a r e  b r i e f l y  def ined  
and t h e i r  r e l a t i o n s h i p s  expla ined .  Techniques f o r  making p r e c i s e  
measurements of phase no i se  i n  o s c i l l a t o r s ,  m u l t i p l i e r s ,  d i v i d e r s ,  
a m p l i f i e r s ,  and o t h e r  components a r e  d i scussed .  P a r t i c u l a r  a t t e n t i o n  is 
given t o  methods of c a l i b r a t i o n  which permit  a c c u r a c i e s  of 1 dB or  b e t t e r  
t o  be achieved. Common p i t f a l l s  t o  avoid a r e  a l s o  covered. It  is shown 
t h a t  t h e  double balanced mixer approach is t he  most v e r s a t i l e  of t h e s e  
techniques .  Phase no i se  f l o o r s  ( p r e c i s i o n s )  i n  excess  of -170 dB r e l a t i v e  
t o  1 r ad ian2  per h e r t z  a r e  achievable  f o r  c a r r i e r  f r equenc ie s  from well  
below 1 MHz t o  t h e  CHz range. The disadvantage  f o r  p r e c i s e  source  
measurements is the need f o r  a r e f e r e n c e  source  of comparable or b e t t e r  
performance. T h i s  l i m i t a t i o n  does not apply t o  t h e  measurement of 
a m p l i f i e r s ,  multipliers, d i v i d e r s ,  e t c .  Other techniques  avoid t h i s  
requirement by using a de lay  l i n e  or c a v i t y  t o  gene ra t e  a pseudo r e f e r e n c e  
g e n e r a l l y  w i t h  some s a c r i f i c e  i n  no i se  f l o o r  near  t h e  c a r r i e r .  Ana- 

techniques  a r e  used f o r  c a r r i e r  f r equenc ie s  from a few Hz 

I. I n t r o d u c t i o n  

The ou tpu t  of an o s c i l l a t o r  can be expressed a s  

V(t) = CVo + ~ ( t ) ]  s i n ( 2 n v o t  + @ ( t ) )  ( 1  

where Vo is t h e  nominal peak output  v o l t a g e ,  and vo is t h e  nominal 
frequency of t h e  o s c i l l a t o r .  
incorpora ted  i n t o  E ( t )  and the  time v a r i a t i o n s  of t he  a c t u a l  frequency, 
v ( t ) ,  have been incorpora ted  i n t o  @ ( t ) .  

The time v a r i a t i o n s  of ampli tude have been 

The a c t u a l  frequency can now be 

v ( t )  = vo + d C @ ( t ) l  w r i t t e n  as 
2 8 d t  

The f r a c t i o n a l  frequency d e v i a t i o n  is def ined  a s  

tWork of t h e  U.S. Government; not s u b j e c t  t o  U.S. copyr igh t .  
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Power spec t ra l  a n a l y s i s  of t h e  ou tpu t  s i g n a l  V(t) combines t h e  power i n  
t h e  car r ie r  vo w i t h  t he  power i n  c ( t )  and 4 ( t )  and t h e r e f o r e  is no t  a good 
method t o  characterize E ( t )  o r  O ( t ) .  

S ince  i n  many p r e c i s i o n  sources  understanding t h e  v a r i a t i o n s  i n  $ ( t )  or  
y ( t )  are o f  pr imary  importance,  we w i l l  con f ine  t h e  fol lowing d i s c u s s i o n  
t o  frequency-domain measures o f  y ( t ) ,  n e g l e c t i n g  c ( t )  excep t  i n  
c a s e s  where i t  - s e t s  limits on t h e  measurement o f  y ( t ) .  The ampli tude 
f l u c t u a t i o n s ,  ~ ( t ) ,  can be reduced us ing  l i m i t e r s  whereas O ( t )  can be 
reduced i n  some cases  by t h e  use  o f  narrow band f i l t e rs .  

Spectral  ( F o u r i e r )  a n a l y s i s  of y ( t )  is o f t e n  expressed i n  terms of S O ( f ) ,  
t h e  s p e c t r a l  d e n s i t y  o f  phase f l u c t u a t i o n s  i n  u n i t s  o f  r a d i a n s  squared per 
Hz bandwidth a t  Four i e r  frequency ( f )  from the  carrier vo, or Sy( f) , t h e  
spectral  d e n s i t y  of f r a c t i o n a l  frequency f l u c t u a t i o n s  i n  a 1 Hz bandwidth 
a t  Four i e r  frequency f from the  carrier vo E l ] .  These are related a s  

L 

S $ ( f )  = - S y ( f )  rad2/Hz O < f < =  ( 4  
vO 

f 2  
I t  should be noted t h a t  these are s ing le - s ided  s p e c t r a l  d e n s i t y  measures 
c o n t a i n i n g  t h e  phase or f requency f l u c t u a t i o n s  from both s ides  of t he  
carr ier  . 
Other measures sometimes encountered are 4 f )  , dBC/Hz, and SA"( f )  . 
are  related by c1.21 

These 

SAv(f) vo2sy ( f )  Hz2/Hz 

& ( f )  = (1 /2 )S4( f )  f l < l f l < =  (5 
S $ ( f ) d f  < 1 rad2 

for< 

dBC/Hz = 10 l o g  & f )  

x(f) and dBC/Hz are s i n g l e  s ideband measures o f  phase n o i s e  which are no t  
de f ined  for large phase excur s ions  and are t h e r e f o r e  measurement system 
dependent. Because of t h i s  an  IEEE subcommittee on frequency s t a b i l i t y  
recommended the  u s e  of S ( f )  which is well de f ined  independent o f  t he  
phase excur s ion  111. 
as u s e r s  r e q u i r e  the s p e c i f i c a t i o n  of phase n o i s e  nea r  the  carrier where 
t h e  phase excur s ions  are large compared t o  1 r a d i a n .  S i n g l e  sideband 
phase n o i s e  can now be  s p e c i f i e d  as ( l /$*( f ) .  

Thfs d i s t i n c t i o n  is becoming i n c r e a s i n g l y  important 



The  above measures provide t h e  most powerful (and d e t a i l e d )  a n a l y s i s  f o r  
e v a l u a t i n g  types  and l e v e l s  of fundamental n o i s e  and s p e c t r a l  d e n s i t y  
s t ruc ture  i n  p r e c i s i o n  o s c i l l a t o r s  and s i g n a l  handl ing equipment a s  i t  
a l lows one t o  examine i n d i v i d u a l  Four i e r  components o f  r e s i d u a l  phase ( o r  
f requency)  modulation. On t h e  o t h e r  hand t h i s  a n a l y s i s  is extremely 
d e t a i l e d  and one o f t e n  needs an a n a l y s i s  of the  long-term average 
performance. - 

11. Methods of Measuring Phase  Noise 

F igu re  1 shows t h e  block diagram f o r  a t y p i c a l  scheme used t o  measure t h e  
phase n o i s e  of a p r e c i s i o n  source  us ing  a double balanced mixer and a 
r e f e r e n c e  source.  Fig. 2 i l l u s t r a t e s  a similar technique f o r  measuring 
only the  added phase n o i s e  o f  m u l t i p l i e r s ,  d i v i d e r s ,  a m p l i f i e r s ,  and 
passive components. The o u t p u t  v o l t a g e  of t he  mixer as a f u n c t i o n  of 
phase d e v i a t i o n ,  A $ ,  between t h e  two i n p u t s  is normally given by 

Near quadra tu re  t h i s  can be  approximated by 

( 7  2n- 1 
V o u t  Kd60, where 6 4  3 L A 4  - v ) ~ r l < . l  

where n is t h e  i n t e g e r  t o  make 6 4  - 0. The phase t o  vo l t age  conversion r a t i o  - 
s e n s i t i v i t y ,  Kd ,  is dependent on the frequency,  t h e  d r i v e  l e v e l ,  and 
impedance of bo th  inpu t  s i g n a l s ,  and the I F  t e rmina t ion  of the  mixer [ 7 ] .  
The combined s p e c t r a l  d e n s i t y  of phase n o i s e  of bo th  inpu t  s i g n a l s  
i nc lud ing  the  mixer and ampli tude m i s e  from the I F  a m p l i f i e r s  is g iven  by 

where Vn is t h e  RMS n o i s e  v o l t a g e  a t  F o u r i e r  frequency f from t h e  car r ie r  
measured a f t e r  I F  g a i n  G ( f )  i n  a n o i s e  bandwidth BW. Obviously BW must be 
small compared t o  f .  
r a p i d l y  wi th  f ,  e.g. ,  
Fig. 1 ,  t he  o u t p u t  of t h z  second a m p l i f i e r  fol lowing the mixer c o n t a i n s  
c o n t r i b u t i o n s  from the  phase n o i s e  of t h e  o s c i l l a t o r s ,  t h e  mixers,  and t h e  
p o s t  a m p l i f i e r s  f o r  Four i e r  f r e q u e n c i e s  much l a r g e r  than t h e  phase-lock 
loop bandwidth. I n  Figure 2 ,  t h e  phase n o i s e  o f  the  oscillator c a n c e l s  o u t  
t o  a h igh  degree ( o f t e n  more t h a n  20 dB).  Termination of t h e  mixer  I F  p o r t  
w i t h  50 ohms maximizes the  IF  bandwidth, however, t e rmina t ion  wi th  
r e a c t i v e  l o a d s  can reduce the  mixer n o i s e  by - 6 dB, and i n c r e a s e  Kd by 3 
t o  6 dB a s  shown i n  F i g .  3. [3] 
achieved by a l lowing  t h e  two o s c i l l a t o r s  t o  s lowly b e a t  and measuring t h e  
s l o p e  of t h e  z e r o  c r o s s i n g  i n  v o l t s l r a d i a n  w i t h  an o s c i l l o s c o p e  or o t h e r  
r eco rd ing  dev ice .  The time a x i s  is e a s i l y  ca l ibra ted  s i n c e  one beat 

T h i s  is very important  where S 4 ( f )  is changing 
S (f) o f t e n  v a r i e s  as f'3 n e a r  the carrier.  I n  

Accurate de t e rmina t ion  of Kd can b e  



per iod  equals  2a r a d i a n s .  Estimates of Kd obtained from measurements of  
‘ t h e  peak t o  peak o u t p u t  v o l t a g e  sometimes in t roduce  e r r o r s  a s  l a r g e  a s  6 
dB i n  S g ( f )  [3]. By comparing t h e  l e v e l  of an I F  s i g n a l  ( a  p u r e  tone is 
b e s t ) ,  on t h e  spectrum a n a l y z e r  used t o  measure Vn w i t h  t he  level 
r eco rd ing  dev ice  used  t o  measure Kd, t he  accuracy of S 4 ( f )  can be made 
independent of t h e  accuracy of t h e  spectrum ana lyze r  v o l t a g e  r e f e r e n c e .  
Some c a r e  is necessary t o  assure tha t  t h e  spectrum a n a l y z e r  is no t  
s a t u r a t e d  by spu r ious  s i g n a l s  such as  the  l i n e  frequency and i ts  
m u l t i p l e s .  Sometimes a l i a s i n g  i n  t he  spectrum a n a l y z e r  is a problem. 
T y p i c a l  best performance is shown i n  Fig.  4 .  T h i s  measurement sys t em 
exceeds the  performance of a lmost  a l l  a v a i l a b l e  o s c i l l a t o r s  from 0.1 MHz 
t o  10 G H z  and is g e n e r a l l y  t h e  technique of f i rs t  cho ice  because of i t s  
v e r s a t i l i t y  and s i m p l i c i t y .  The use  of s p e c i a l i z e d  mixers w i t h  mu l t ip l e  
d iodes  pe r  leg i n c r e a s e s  t he  phase t o  vo l t age  conversion s e n s i t i v i t y ,  Kd 
and t h e r e f o r e  reduces the  c o n t r i b u t i o n  o f  I F  a m p l i f i e r  n o i s e  [41  as  shown 
i n  Fig.  4.  
( t y p i c a l l y  20 dB) u s i n g  c o r r e l a t i o n  t echn iques  t o  separate the phase n o i s e  

The r e s o l u t i o n  of t h e  above systems can be g r e a t l y  enhanced 

from t h e  dev ice  under tes t  from t h e  n o i s e  i n  t h e  mixer and I F  a m p l i f i e r  
[S I .  

For example c o n s i d e r  t h e  scheme i l l u s t r a t e d  i n  F igu re  5. 
each double  balanced mixer there is a s i g n a l  which is p r o p o r t i o n a l  t o  t h e  
phase d i f f e r e n c e ,  At$, between t h e  two o s c i l l a t o r s  and a n o i s e  term, V N ,  
due t o  c o n t r i b u t i o n s  from t h e  mixer and a m p l i f i e r .  The v o l t a g e s  a t  t h e  
i n p u t  of each bandpass f i l t e r  are 

A t  t he  o u t p u t  of 

where V N l ( t )  and V N , ( t )  are s u b s t a n t i a l l y  uncor re l a t ed .  
f i l t e r  produces a narrow band n o i s e  f u n c t i o n  around i ts  c e n t e r  frequency 
f :  

Each bandpass 

V 1 ( B P  f i l t e r  o u t p u t )  - Cl[St$(f)]1/2 B l 1 l 2  c o s  [ 2 n f t  + $(t)]  

+C1[svN1(f)]’/2 B ~ ~ / ~  COS ~ 2 n i t  + n 1 ( t ) l  (10 

V2(BP f i l t e r  o u t p u t )  - G2[S4(f)]1’2 B 2 l I 2  c o s  1 2 n f t  + $( t ) l  

where B1 and B2 are t h e  
r e s p e c t i v e l y .  Both channe l s  are bandpass f i l t e red  i n  o r d e r  t o  h e l p  
e l i m i n a t e  a l i a s i n g  and dynamic range problems. 
n 2 ( t )  take on a l l  v a l u e s  between 0 and 2n w i t h  equa l  l ikelihood. 
vary s lowly compared t o  l / f  and are s u b s t a n t i a l l y  uncor re l a t ed .  When 
these two v o l t a g e s  are m u l t i p l i e d  t o g e t h e r  and low p a s s  f i l t e r ed  only one 
term h a s  f i n i t e  average va lue .  The o u t p u t  v o l t a g e  is 

e q u i v a l e n t  n o i s e  bandwidths of f i l t e r s  1 and 2 

The phases + ( t> ,  n , ( t )  and 
They 

( 1  1 

+ D2cos[$(t)  - n 2 ( t ) ] >  + D3<cos [n1( t ) -n2 ( t ) ]>  s o  that S $ ( f )  is 
g iven  by 



-' / 2 B 2 - 1 / 2  t h e  n o i s e  terms D, , D2 and D For times long com ared t o  B1 
towards z e r o  a s  2 Limits i n  t h e  r educ t ion  of these terms are usua ly 
a s s o c i a t e d  w i t h  harmonics of 60 Hz pickup, dc o f f s e t  d r i f t s ,  and 
n o n l i n e a r i t i e s  - i n  t h e  m u l t i p l i e r .  Also i f  t h e  i s o l a t i o n  a m p l i f i e r s  have 
inpu t  c u r r e n t  no i se  then t h e y  w i l l  pump c u r r e n t  through t h e  sou rce  
r e s i s t a n c e .  The r e s u l t i n g  n o i s e  v o l t a g e  w i l l  appear cohe ren t ly  on both 
channels  and c a n ' t  be d i s t i n g u i s h e d  from rea l  phase n o i s e  between t h e  two 
o s c i l l a t o r s .  One h a l f  of t h e  n o i s e  power appears i n  a m p l i t u d e  and one 
h a l f  i n  phase modulation. 

tend ? 

Obviously t h e  simple s i n g l e  frequency c o r r e l a t o r  used  i n  t h i s  i l l u s t r a t i o n  
can be replaced by a fas t  d i g i t a l  system which s imultaneously computes t h e  
c o r r e l a t e d  phase n o i s e  f o r  a l a r g e  band of F o u r i e r  f r equenc ie s .  Typ ica l  
resul ts  show a r educ t ion  i n  n o i s e  f l o o r  of o r d e r  20 dB over  t h e  n o i s e  
f l o o r  of a s i n g l e  channel (See Fig.  4 ) .  The g r e a t  power of t h i s  
technique is t h a t  i t  can be a p p l i e d  a t  any carr ier  frequency where one can 
o b t a i n  double balanced mixers.  The primary l i m i t a t i o n s  come from t h e  
bandwidth and n o n l i n e a r i t i e s  i n  t h e  c r o s s  c o r r e l a t o r .  

Another method of determining S ( f )  uses  phase modulation of t he  r e f e r e n c e  
o s c i l l a t o r  by a known amount. ?he r a t i o  of t h e  r e f e r e n c e  phase modulation 
t o  t h e  rest of t h e  spectrum then  can b e  used  f o r  a r e l a t i v e  c a l i b r a t i o n .  
T h i s  approach can be very u s e f u l  f o r  measurements which are  repeated a 
g r e a t  many times. 

I t  is sometimes convenient  t o  use a h i g h 4  resonance d i rec t ly  as  a 
frequency d i s c r i m i n a t o r  3s shown i n  Fig.  6. 

The o s c i l l a t o r  is t y p i c a l l y  tuned 112 l i newid th  (vo/2Q) away from l i n e  
c e n t e r  y i e l d i n g  a detected s i g n a l  of the  form 

vou t = G(f )kQdy( f )  [V + c ( t ) ]  (13 

Note t h a t  t h i s  approach mixes frequency f l u c t u a t i o n s  between t h e  
osc i l la tor  and r e f e r e n c e  c a v i t y  w i t h  t h e  ampli tude n o i s e  o f  the t r ansmi t -  
t e d  s i g n a l .  By u s i n g  ampli tude c o n t r o l  (e.g.  by p rocess ing  to  normalize 
t h e  d a t a ) ,  one can reduce t h e  e f f e c t  of amplitude no i se .  [SI The measured 
n o i s e  a t  t h e  d e t e c t o r  is then related t o  t h e  o s c i l l a t o r  r e f e r e n c e  c a v i t y  
phase f l u c t u a t i o n  by 

I ., 11 v 1 

This  approach h a s  t h e  l i m i t a t i o n s  t h a t  Au must be Smal l  compared t o  t h e  



l i n e w i d t h  of the  c a v i t y ,  and removing t h e  e f f e c t  of r e s i d u a l  a m p l i t u d e  
n o i s e  is d i f f i c u l t ;  however, no r e f e r e n c e  source is needed. 

D i f f e r e n t i a l  techniques can be used t o  measure t h e  i n h e r e n t  frequency 
( p h a s e )  f l u c t u a t i o n s  
ou tpu t  v o l t a g e  is of 
of t h e  r e s o n a t o r s  is 

of two High-Q r e s o n a t o r s  as shown i n  F ig .  7 C61. The 
the  form Vout = 2QKd d y ( f ) .  The phase n o i s e  spectrum 
then obtained us ing  equa t ion  4 .  

1 
BW ( 1 5  
- 

The phase n o i s e  i n  t h e  s o u r c e  can cance l  o u t  by 20 t o  40 dB depending on 
t h e  s i m i l a r i t y  o f  r e s o n a t e  f r equenc ie s  Q ' s  and t h e  t r ansmiss ion  p r o p e r t i e s  
of t h e  two r e s o n a t o r s .  T h i s  approach was first used t o  demonstrate t h a t  
t h e  i nhe ren t  frequency s t a b i l i t y  o f  p r e c i s i o n  q u a r t z  r e s o n a t o r s  exceeds 
t h e  performance of most q u a r t z  c rys ta l  c o n t r o l l e d  o s c i l l a t o r s  C61. 

A st i l l  d i f f e r e n t  approach u s e s  a de l ay  l i n e  t o  make a pseudo r e f e r e n c e  
which is retarded r e l a t i v e  t o  t h e  incoming s i g n a l  [7-101 as shown i n  
Fig. 8. 

The  mixer ou tpu t  is of  t h e  form 

and t h e  o s c i l l a t o r  phase n o i s e  is g iven  by 
CI 

T h i s  approach is o f t e n  used a t  microwave f r e q u e n c i e s  when only one 
o s c i l l a t o r  is ava i lab le .  However t h e  phase n o i s e  c l o s e  t o  t h e  c a r r i e r  
becomes v i r t u a l l y  un reso lvab le  for  a f i n i t e  delay l i n e .  For example i f  
f = 1 Hz and T 
technique is 1 q O  dB h i g h e r  a t  
method and it  decreases a s  l / f  . The noise floor can be reduced by - 20 
to  40 dB us ing  t h e  c o r r e l a t i o n  t echn iques  described above. [ l o ]  

= 500 n s ,  t hen ,  ( 2 x f r d I 2  - The n o i s e  f l o o r  of t h i s  
= 1 Hz than t h a t  of t h e  two o s c i l l a t o r  5 

The u s e  of frequency m u l t i p l i e r s  ( o r  d i v i d e r s )  between t h e  o s c i l l a t o r s  and 
t h e  double  balanced mixer i n c r e a s e s  (decreases) t h e  phase n o i s e  level [ l l ]  
a s  

F igu re  4 shows the  n o i s e  of a s p e c i a l i z e d  5 t o  25 MHz m u l t i p l i e r  referred 



t o  t h e  5 MHz input .  A p o t e n t i a l  problem w i t h  t h e  use of t h e  m u l t i p l i e r  
approach comes from exceeding t h e  dynamic range of t h e  mixer. Once the  
phase excur s ion ,  At$,  exceeds about 0.1 r a d i a n ,  n o n l i n e a r i t i e s  s t a r t  t o  
become important and a t  At$ - 1 r a d i a n ,  t h e  measurement is no longer  v a l i d  
c111 .  
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Figure Capt ions 

F ig .  1 .  P r e c i s i o n  phase measurement system using a spectrum ana lyze r .  
C a l i b r a t i o n  r e q u i r e s  a r eco rd ing  dev ice  t o  measure t h e  s l o p e  a t  t h e  z e r o  
c r o s s i n g .  The accuracy is be t t e r  than 0 .2  dB from dc t o  0.1 wo Four i e r  
frequency o f f s e t  from t h e  car r ie r  vo. Carrier f r equenc ie s  from a few Hz 
t o  10" Hz can b e  accommodated w i t h  t h i s  t y p e  of measurement sys tem.  C31 

Fig. 2. P r e c i s i o n  phase measurement system f e a t u r i n g  self c a l i b r a t i o n  t o  
0 . 2  dB accuracy from dc t o  0.1 v i  Four i e r  frequency o f f s e t  from car r ie r .  
T h i s  system is  s u i t a b l e  f o r  measuring s i g n a l  hand l ing  equipment, 
m u l t i p l i e r s ,  d i v i d e r s ,  frequency s y n t h e s i z e r s ,  a s  well as pass ive  
components. C31 

Fig. 3. Double-balanced mixer phase s e n s i t i v i t y  a t  5 MHz as  a f u n c t i o n  
o f  Four i e r  frequency f o r  v a r i o u s  o u t p u t  t e r m i n a t i o n s .  The cu rves  on the  
l e f t  were ob ta ined  w i t h  10 mW d r i v e  wh i l e  t hose  on the  r i g h t  were obtained 
w i t h  2 mW d r i v e .  The data demonstrate  a clear cho ice  between c o n s t a n t ,  
bu t  low s e n s i t i v i t y  or much h igher ,  but  frequency dependent s e n s i t i v i t y .  
C 31 

Fig.  4.  
Curve A.  The n o i s e  f l o o r  S 4 ( f )  ( r e s o l u t i o n )  of t y p i c a l  double balanced 

mixer systems ( e .g .  Fig.  1 and Fig.  2 )  a t  carrier f r e q u e n c i e s  
from 1 t o  100 MHz. Similar performance p o s s i b l e  t o  20 GHz. C41 
The n o i s e  f l o o r ,  S 4 ( f ) ,  f o r  a h igh  l e v e l  mixer. [4] 
The c o r r e l a t e d  component of S 4 ( f )  between two channe l s  u s ing  
high l e v e l  mixers. C41 
The e q u i v a l e n t  n o i s e  f l o o r  S 4 ( f )  of a 5 t o  25 MHz frequency 
m u l t i p l i e r .  
Approximate phase n o i s e  f l o o r  o f  Figure 8 u s i n g  a 500 ns  d e l a y  
l i n e .  

Curve B. 
Curve C. 

Curve D. 

Curve E. 

Fig. 5. C o r r e l a t i o n  phase n o i s e  measurement system. 

Fig. 6. High-Q resonance used as a frequency d i s c r i m i n a t o r .  

Fig.  7 .  D i f f e r e n t i a l  c a v i t y  frequency d i s c r i m i n a t o r .  

Fig.  8. Delay l i n e  frequency d i s c r i m i n a t o r .  
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